While the manipulation of quantum systems is significantly developed so far, achieving a singlesource multi-use system for quantum-information processing and networks is still challenging. A virtual state, a so-called "dressed state," is a potential host for quantum hybridizations of quantum physical systems with various operational ranges. We present an experimental demonstration of a dressed state generated by two-photon magnetic resonances using a single spin in a single nitrogenvacancy center in diamond. The two-photon magnetic resonances occur under the application of microwave and radio-frequency fields, with different operational ranges. The experimental results reveal the behavior of two-photon magnetic transitions in a single defect spin in a solid, thus presenting new potential quantum and semi-classical hybrid systems with different operational ranges using superconductivity and spintronics devices.
I. INTRODUCTION
Quantum hybridization is a key technology for quantum-information processing and networks like the quantum internet [1] . Quantum hybridization is realized by combining the characteristics of photons, spins, and charges [2] . For example, a photon can be used as a flying qubit for sharing quantum information, while spins and charges can be used as static qubits for quantum computation, quantum repeaters, or quantum memories. Recently, quantum hybrid systems have been theoretically and experimentally demonstrated [2] [3] [4] [5] [6] [7] [8] [9] [10] . Current quantum hybrid systems mainly consist of two different physical systems [3] [4] [5] [6] [7] [8] [9] 11] . However, the quantum internet will require more complex quantum-information processing, such as the processing and storing of information while simultaneously updating the information in a quantum-information circuit and network. To realize more complex quantum-information processing, a dressed state [12] can be used as a host for hybridization between physical systems as well as for combining different operational ranges by tuning with a probe field and a pump field. Dressed states can also store quantum states.
It is well known that nitrogen-vacancy (NV) centers in diamond are very useful for quantum-information processing, including entanglement generation [13] , quantum teleportation [14] , quantum repeaters for linking nodes in networks [15] , quantum computation [16, 17] , and implementing quantum memory [18] . NV centers in diamond are also one of the most promising candidates for quantum hybridization between different physical systems, since the quantum resources of photons, spins, and charges can be manipulated easily in NV centers. A quantum hybrid system between NV centers in diamond for accessing quantum-information networks and superconductors with good quantum computing performance, has been theoretically proposed and experimentally demonstrated using microwave (mw) operational fields [4, 5] .
To study the relevant fundamental behavior, a preliminary experimental generation of dressed states under optical and mw fields as a single operational range have been performed with ensembles of NV centers in diamond by electromagnetically induced transparency (EIT) [19] [20] [21] [22] [23] and with single NV centers in diamond by coherentpopulation trapping [24, 25] . However, these experiments were performed under the same operational ranges for both the pump and probe fields. Producing quantum technologies that combine physical systems of single qubits using different operational ranges remains a challenge. In our research, we have hybridized three or more physical systems of single qubits using different operational ranges, such as mw and radio-frequency (rf) fields. For example, NV centers can realize spins coupled in both mw and rf operational fields through the manipulation of the mw and rf operational fields. The key to realiz-ing such systems is the generation of dressed states using multi-photon (here, two-photon) magnetic resonances on a single spin. A characteristic of this method is control of the resonant frequencies of the dressed states by tuning the mw and/or rf frequencies. The number of dressed states can be increased by adjusting the strength of the rf frequency via multi-photon magnetic resonance (discussed in Appendix C). Thus, the NV centers can hybridize three or more physical systems, so that a phenomenon requires further study. Recently, Childress et al. demonstrated multiphoton resonance in NV centers with mw and rf fields and discussed multiphoton resonances with the polarization of the 14 N nuclear spin at ∼ 51 mT [26] . Here, we experimentally generate a dressed state in a single NV center in diamond at 1.5 mT at room temperature by two-photon magnetic resonance (TPMR) via electromagnetic induction with mw and rf fields. We also demonstrate TPMRs below 5 MHz without polarization of 14 N nuclear spins, and compare the experimental demonstrations with theoretical calculations in detail.
This paper is organized as follows: In Sec. II, we briefly explain the experimental principle of the generation of dressed states. In Sec. III, we explain our experimental setup consisting of a homemade confocal laser microscope with an irradiation system of mw and rf fields and our sample . In Sec. IV, we present preliminary experimental results for the NV center and discuss how the spins of the NV center are targeted. In Sec. V, we present experimental results with two conditions for dressed-state generation using TPMR. In Sec. VI, we estimate the characteristics of the generated dressed states by TPMR including the affect of the performance of our experimental system and the principle for the dressed-state generation of TPMR. Finally, in Sec. VII, we provide a brief summary and outlook for future research.
II. EXPERIMENTAL PRINCIPLE FOR THE GENERATION OF DRESSED STATES
In this experimental demonstration, we used the electron spin and the 14 N nuclear spin of the NV center to generate the dressed states. Figure 1(b) shows the energy states of an NV center in diamond [19] . |m s , m I represents the electron spin and 14 N nuclear spin of the NV center. After initialization of the electron spin by laser illumination, the population, depicted by the empty circles, is in the |0, −1 , |0, +1 , or |0, 0 states under a static magnetic field. To generate a dressed state, we used probe and pump fields near the electron and nuclear Zeeman energies. When the energy of the sum or difference of the pump and probe fields corresponds to the difference in the energy of the NV states, a dressed state is generated via TPMR for a single spin (see Appendix C). While three electron-spin resonance signals of the NV electron spin were observed in cases where dressed states were not generated, nine electron-spin resonance signals were observed when dressed states were generated. Namely, we can observe three signals from NV electron spins and six signals from the dressed states. During the dressed-state generation, even if the power of the pump field is changed, the generated dressed states behave in the same way. We measured the dependence of the TPMR frequencies of the dressed state generated by irradiation by the pump field, changing the pump power and detuning the probe frequency. We note that, in principle, the phase of the dressed states can be manipulated like an EIT [12] , but in this experiment, only population trapping with TPMRs is observed using a combination of continuous-wave rf fields and pulsed mw fields. Namely, we generate only the electromagnetically induced virtual structure.
III. EXPERIMENTAL SETUP AND SAMPLE
In our experimental setup, we used a homemade confocal laser microscope with an irradiation system of mw and rf fields, as illustrated in Fig. 2(a) . A 532-nm laser, focused by an objective lens, was used to illuminate the NV center in the diamond sample. The NV center gen-erated photoluminescence of 600 -700 nm. The mwand rf-field irradiation system was constructed on a sample stage. Two high-frequency oscillators created electromagnetic fields to manipulate the spins of the NV center. In our experiment, the mw field was around 2.8 GHz and the rf field was a few MHz. The mw and rf fields were combined by a frequency diplexer and were irradiated on the sample via a thin copper wire with a diameter of 10 µm. We used a high-temperature high-pressure (HTHP) type IIa (111) diamond (Sumitomo). To make single NV centers,
14 N ions were implanted into the diamond at 500
• C with a kinetic energy of 30 keV by a commercial ion implantation service, after which the sample was annealed at 750
• C for 30 minutes.
IV. TARGET SPINS OF NV CENTER
To identify a suitable NV center, we observed the photoluminescence scanning-image of a diamond with a laser at an optical wavelength of 532 nm, as shown in Fig. 2 
(b).
The power of the laser was 100 µW. For the NV center marked by the red circle in Fig. 2(b) , the second-order autocorrelation function, g (2) (τ ) [27] , was measured to be g (2) (0) ∼ 0.1, shown in Fig. 2 (c), which indicates a single NV center. We measured the optically detected magnetic-resonance (ODMR) spectra of the NV center with a pulsed laser (1-µs long) at a static magnetic field (B 0 ) of ∼ 1.5 mT by sweeping the probe frequency of the pulsed mw probe field (5.5-µs long). Figure 3 (a) shows the ODMR spectrum (brown plot), exhibiting three dips arising from the triplet hyperfine splitting of the 14 N nuclear spin. We note that the pulsed 5.5 µs probe, which corresponds to a π pulse, is weak enough to detect the hyperfine coupling between the electron spin and the 14 N nuclear spin of the NV center.
V. EXPERIMENTAL DEMONSTRATION OF TPMR
We experimentally demonstrated the dressed-state generation via a TPMR. The TPMR was observed in the ODMR spectra by applying a continuous-wave rf pump field, as shown in Fig. 2(d) , under two conditions. In the first condition, the pump power was changed while the pump frequency was fixed. In the second condition, the pump frequencies were detuned while the pump power was fixed.
In the first condition, we observed the dressed-states' positions by fixing the pump frequency at 5.3 MHz, while setting the pump power to 63.0 mW, 31.6 mW, 10.0 mW, 2.00 mW, and 0.63 mW. Note that a zero-detuning frequency corresponds to the center dips of the triplet hyperfine splitting of the 14 N nuclear spin of the NV center. The results are shown in Fig. 3(a) . These experimental data can be fitted by three or nine Gaussian functions. When the pump power is less than 10 mW, the ODMR No pump field 0.005 spectra have three dips, from the triplet hyperfine splitting of the 14 N nuclear spin. When the pump power is over 10 mW, additional dips in the ODMR spectra appear without a change of the position of the original dips. Moreover, the hyperfine splitting of the 14 N nuclear spin is observed under the application of the pump field, indi-cating that the hyperfine structure is not destroyed. Figure 3(b) shows the theoretical energy levels of a TPMR under the application of a pump field of 5.3 MHz. Three of the nine signals correspond to the hyperfine splitting of the 14 N nuclear spin. These three signals are indicated by f I , where the subscript I denotes the 14 N nuclear spin. The other six signals are expected to appear when the following equation is satisfied: f ± I = f I ± f pump , where f ± I is the resonance frequency of the TPMR and f pump is the pump frequency, as illustrated in Fig. 3(b) . The solid lines in Fig. 3(a) 
In the second condition, we observed the dip-position shifts by fixing the pump power while detuning the pump frequency. Figure 4(a) shows the ODMR spectrum with a pump frequency of 5.3 MHz and a pump power of 63.0 mW. Figure 4(c) shows the ODMR spectrum without the pump field. Figure 4(b) shows the location of the ODMR dips as a function of the pump frequency. The number of dips increases from three in Fig. 4 (c) to nine in Fig. 4(a) . The locations of the dips are extracted from the fit for each plot, and the spread of the dips is linear with respect to the pump frequency. Moreover, the absolute value of the splitting width corresponds well to the frequency of the pump field.
VI. ESTIMATION OF GENERATED DRESSED STATES BY TPMR
Here we estimate the characteristics of the dressed states produced with a "diplexer" and a model for generating a TPMR. First, we consider the effect of the output frequencies of the diplexer on the ODMR spectra, although applying the pump field generates other energy levels. Figures 5(a) and 5(b) in Appendix A show the output frequency of the diplexer as functions of pump power and pump frequency. They show that the diplexer output peaks satisfy the following conditions:f = f probe ± n × f pump , where f , f probe , and f pump are as the peak frequency, probe frequency, and pump frequency, respectively, and n is an integer. While the amplitudes of the frequencies in the diplexer output at |n| = 2 are larger than those at |n| = 1, the signals in this experiment were only observed with frequencies at |n| = 1, as shown in Fig. 3(a) . These results imply that the effects of addi- Fig. 3 . The solid red line shows a fit using the sum of nine Gaussian peaks. (b) Peak position shifts due to changes in the pump field frequency. (c) ODMR spectrum without a pump field. The probe field has a length of 5.5 µsec and is sufficiently weak to allow the 14 N nuclear hyperfine structure to be observed. The solid red line shows a fit using the sum of three Gaussian peaks.
tional output frequencies from the diplexer are negligibly small. In addition, the fact that the length of a π-pulse depends on the probe power in our sequence for detecting TPMR also means that the effects are negligibly small. Second, we prove that the observed signals do not originate from nuclear-magnetic resonances in the NV center. Figure 4(a) shows the nine dips that were observed in our experiments. The NMR signals of the NV center should appear at f 0 − Q − A, f 0 − Q + A, f 1 + Q − A, and f −1 + Q + A, where A is the hyperfine interaction between an electron spin and 14 N nuclear spins in the NV center and Q is the quadrupole interaction of the 14 N nuclear spin (details discussed in Appendix B). It is noted that we have neglected nuclear Zeeman energy because it is weaker than A and Q in these experimental conditions. Figure 4 (a) does not include any signals at the resonant frequencies of the NMR signals, namely, the effect of NMR is negligible small for our experimental conditions. Third, we examine the experimental results for the first conditions with the model for TPMR, as discussed in Appendix C. The transitions described by Eq. (C8) occur only under irradiation by a right-hand circularly polarized probe field and a linearly polarized rf pump field with respect to B 0 . Equations (C8) and (D4) show that the transition probability of the TPMRs depend on the strength of the pump field (ω 2 ) (details discussed in Appendix D) and the position depends on the pump frequency. Hence, additional dips appear when the sum or the difference between the pump and the probe frequencies corresponds to the triplet hyperfine splitting of the 14 N nuclear spin, according to the model of Eq. (C8). Also, transitions under two circularly polarized fields (e.g., ∆m s = 2, ∆m I = 0, ∆m s = ±1, and ∆m I = ±1) were not observed in this study. The results using TPMRs also show that electron magnetic resonances of the NV center occur when the NV center is dressed by the pump field. Therefore, the phenomena seen under the two experimental conditions demonstrate the generation of TPMR in the combined mw and rf regions. Also, the experimental results show that the quantum states due to TPMR are converted reversibly by both driving fields.
VII. CONCLUSION
We now discuss the strategy for generating a hybrid system with a generated dressed state. L. Trifunovic et al. [28] have proposed a hybrid strategy between magnetic materials and electron spin in NV centers in diamond using dipole coupling for a fusion of classical and quantum-information processing. In this case, our demonstration of TPMR indicates that we can hybridize these spins with wide-range operational fields through an NV center because we can optimize the parameters for coupling between both spins in both the mw and rf operational fields. Thus, our research of quantum hybridization with a generated dressed state is a promising candidate for this type of hybridization.
In conclusion, we have demonstrated TPMR using the single NV center in diamond at ambient conditions by driving the mw and rf fields without polarization of 14 N nuclear spins. We clearly observed the generated dressed states using TPMRs via the single-defect spin in diamond. We showed that the generated dressed states can be converted reversibly by driving both fields. These results indicate the potential for hosting hybridizations of physical systems with different operational ranges. Thus, our results pave the way for a new fusion of physical systems with single qubits and wide operational ranges. our diplexer
To estimate the output frequency characteristics of the diplexer, we measured its output as functions of the pump power and pump frequency while fixing the probe frequency at 2822 MHz and its power at 10 µW. We first measured the amplitude of the output frequency as a function of the pump power while fixing the pump frequency at 5.3 MHz. The results are shown in Fig. 5(a) . We note that ∆f probe = 0 corresponds to the probe frequency and the scale bar in Fig. 5(a) indicates an amplitude difference of 20 dB. Figure 5(a) shows that there are several peaks when the pump power is over 10 mW, while there is only one peak, around 2822 MHz, when the pump power is below 5 mW. The peaks appear when the following conditions are satisfied: f = f probe ± n × f pump , where f , f probe , and f pump are the peak frequency, probe frequency, and pump frequency, respectively, and n is an integer. The peaks at |n| = 1 have an amplitude of ∼ −48 dB and the peaks at |n| = 2 have an amplitude of ∼ −15 dB when the pump power is 63 mW. We defined 0 dB as the amplitude of the peak at n = 0. Next, we measured the amplitude of the output frequency as a function of pump frequency while fixing the pump power at 63 mW, as shown in Fig. 5(b) . The figure shows that the peaks of |n| = 1 have an amplitude of ∼ −50 dB and the peaks of |n| = 2 have an amplitude of ∼ −15 dB. These results indicate that the expected effect on the ODMR measurements of the frequencies with |n| = 2 is significantly higher than those with |n| = 1. However, as discussed in the main text, the effect of the frequencies with |n| = 2 is negligibly small in our main experiment.
Appendix B: Nuclear magnetic resonance in NV center in diamond
When the static magnetic field (B 0 ) is applied to the NV axis parallel to the [111] direction of the diamond lattice, the spin Hamiltonian of the NV center [29] can be described as follows:
where D gs , A, and Q are the zero-field splitting parameter, the strength of the hyperfine interaction between the NV electron spin and 14 N Nuclear spin, and the strength of the quadrupole interaction of 14 N nuclear spins, respectively. g e and µ B are the g-factor and Bohr magnetron of the NV electron spins, respectively. S z and I z are the electron and nuclear spins along the z axis, which is parallel to the NV axis. We have neglected the anisotropic hyperfine term and nuclear Zeeman energy because they are negligibly small under B 0 ∼ 1.5 mT.
In our experiments, the NMR signals of the NV center can be observed via the NV electron spins. This means that the selection rules of ESR and NMR should be simultaneously satisfied. When circularly polarized mw and rf fields are applied to the x and y axes, the transition probability (P ) is described by
where B 1 and B 2 are the strengths of the mw and rf fields, respectively. m s and m I are the electron and nuclear spins, respectively. Then, the following relation should 
when the NV electron spin is m s = −1. Then, the observed NMR signals of the 14 N nuclear spin in the NV center are described by
These equations indicate that the NMR signals can be observed when the sum and difference of the irradiated mw and rf frequencies correspond to f 1 , f 2 , f 3 , or f 4 .
Appendix C: Multi-photon resonances in NV center
In this study we used mw and rf fields to perform multiphoton resonances in a single NV center. To explain our results, we consider the configuration in the laboratory frame depicted in Fig. 6(a) . Figure 6 (a) shows a two-level system (|α and |β ) with energies E α = ω 0 /2 and E β = −ω 0 /2 under the irradiation of mw and rf fields [30, 31] . In the case of an NV center, these two states correspond to, for example, |0, 0 and |−1, 0 . A static magnetic field (B 0 ) and an mw (amplitude 2ω 1 and frequency ω mw ) field are applied in the z and x directions, respectively. An rf (amplitude 2ω 2 and frequency ω rf ) field was applied with an angle θ, which corresponds to the angle between the B 0 and rf field depicted in Fig. 6(b) . When the rf field is oriented along the z direction (θ=0), the Hamiltonian (H) is described by
where ω 0 is the resonant frequency of the two-level system. S z and S x are defined as the NV electron spins along the z and x directions, respectively. Then, H can be transformed to the rotating frame at ω mw described by
where Ω s is the resonance offset of ω 0 − ω mw , and the configuration of the singly rotating frame is depicted in Fig. 6(c) . Figure 6 (c) shows that the effective nutation frequency, ω eff , is tilted from z by Ψ , which is defined as tan −1 (ω 1 /Ω s ). Then, this frame is transformed to a rotating frame with ω rf , as depicted in Fig. 6(d) [32, 33] . When the counter-rotating term is neglected, the Hamiltonian of the doubly rotating frame is described by
where the resonance offset, Ω s,1 , is defined by
for ω 1 ≪ Ω s because the mw field is considered to be a perturbed field. Also, the effective field amplitude ω 1,1 is described by
When we consider a near resonance condition (Ω s,1 ≪ ω rf ), ω 1,1 can be described as
Then, H ′ d is described by
This equation shows that two-photon transitions occur when ω s = ω mw + ω rf is satisfied. In addition, the above discussion can be extended for multiple-photon resonances (σ + k × π, where k is integer) in the toggling frame (see the details discussed in Ref. 33 ). The first-order toggling Hamiltonian is described by
where J n (z) is the Bessel function of the first kind and n is an integer. If 2ω 2 /ω rf ≪ 1 is satisfied, the Bessel function can be described by
Then, the effective transition amplitude is described by
Appendix D: Absorption signals of two-photon magnetic resonance (TPMR)
The magnetization vector M = (M x , M y , M z ) under static and oscillating magnetic fields is described by the Bloch equation. The Bloch equation of Eq. (C3) is described by where σ is a density operator and σ 0 is the density operator for (0, 0, −1) at thermal equilibrium [33] . σ has the following relation with the magnetization, M q = 2tr {σS q } M 0 with q = x, y, z. T 1 and T 2 are the longitudinal and transverse relaxation times, respectively. The observed absorption signal is given by the steady state solution of d dt σ = 0. As a result, the observed absorption signal is described by
Next, we consider the absorption signals of the TPMRs. The effective Hamiltonian of the doubly rotating frame is shown in Eq. (C7). σ 0 is transformed in the doubly rotating frame to σ d (t) = R(t)σ 0 R −1 (t), where R(t) is a rotation operator defined as R(t) = exp i kω rf t + 2ω 2 ω rf sin (ω rf t) S z (D3)
Then, the absorption signals of the two-photon and single-photon magnetic resonances are described by < S y >= Finally, we compared the theory of Eq. (D4) with the experimental results. The data points and solid line in Fig. 7 show the experimental results and results of curve fitting using Eq. (D4), respectively. To reduce uncertainties in the curve fitting, we fixed ω 1 = 90 kHz from our experimental conditions and used typical values of T 1 = 6 msec [13] and T 2 = 1 µsec [34] . While the results for ω rf > 2.5 MHz agree with Eq. (D4), the results for ω rf < 2.5 MHz do not agree with the theory. We need to consider the effect of the 14 N nuclear spins. In our experimental conditions, the 14 N nuclear spins are not polarized and the hyperfine interaction between the NV electron spin and 14 N nuclear spin complicate the spectrum complex. Thus, it is hard to precisely explain the result for ω rf < 2.5 using only the simple theory of Eq. (D4). This affect is also experimentally observed and explained in Ref. 26 .
